Abstract-The effect on the thermal parameters of superconducting transition-edge bolometers produced on a single crystalline SrTiO 3 (STO) substrate with and without a CeO 2 buffer layer was investigated. Metal-organic deposition was used to deposit the 20-nm CeO 2 buffer layer, whereas RF magnetron sputtering was applied to fabricate 150-nm-thick superconducting YBa 2 Cu 3 O 7−δ (YBCO) thin film. The critical transition temperature for both of the YBCO films was 90 K, and the transition width was ∼1.9 K. The bolometers fabricated from these samples were characterized with respect to the voltage phase and amplitude responses, and the results were compared with that of simulations conducted by applying a one-dimensional thermophysical model. It was observed that adding the buffer layer to the structure of the bolometer results in an increased response at higher modulation frequencies. Results from simulations made by fitting the thermal parameters in the model with and without an additional CeO 2 layer were found to be in agreement with the experimental observations. Index Terms-Responsivity, transition-edge bolometer, YBCO, CeO 2 buffer layer.
I. INTRODUCTION

S
UPERCONDUCTING transition-edge bolometers (TEB) are applied in highly sensitive radiation detectors for a wide range of terahertz applications such as biothermal imaging [1] and in space observatories [2] . The operation principle of these sensors is based on electrically biasing the bolometer and controlling the device temperature to be at the middle of the superconducting transition region. These TEBs are characterized by a broadband functionality [3] in contrast to other types of bolometers. At present, TEBs are limited in relation to concurrent detectivity D * (cm · √ Hz/W) and the response time τ (s). However, recent work [4] - [7] has demonstrated that both the detectivity and response time of TEBs may potentially surpass the levels of other radiation detectors. The main effective method for increasing the detectivity in high performance Manuscript TEBs is optimization of the thermal parameters of the detector [8] - [13] to increase the responsivity r v (V/W), by which the detectivity is linearly scales. The voltage responsivity of a bolometer is defined as the change in the device voltage per watt of adsorbed radiation power. According to the thermophysical model for TEB detectors [8] , the responsivity is defined as:
where I (A) is the bias current, dR/dT (Ω/K) is the temperature variation of the device electrical resistance, G (W/cm · K) is the thermal conductivity of the device, τ = C/G (s) is the response time of the sensor and ω s ( o ) is the angular modulation frequency of the radiation source. Accordingly, thermal parameters affect the magnitude of the response so that a decrease of the thermal conductivity of the whole structure results in higher responsivity. Lowering the thermal capacity of the device, C, results in both a lower response time and a higher responsivity. Therefore, in order to have a highly responsive and high rate detector, the thermal conductivity and the thermal capacity should be as low as possible.
In this paper, we evaluate the effect on the voltage response when changing the thermal parameters by adding a CeO 2 buffer layer on a single crystalline SrTiO 3 (STO) substrate, on which a YBCO film is deposited and subsequently patterned to form a TEB. These results are compared with both the phase and amplitude response data obtained using a simulated system considering a one-dimensional thermophysical model (see [8] ).
II. EXPERIMENTAL
A. Device Preparation
An epitaxial CeO 2 buffer layer was grown on a STO single crystalline substrate using metal organic deposition (see [14] for details). 150 nm thick YBCO thin films were grown on the STO substrates, with and without the CeO 2 layer, by offaxis RF magnetron sputtering system. These YBCO thin films were patterned using standard photolithographic techniques [15] with an accuracy of about 0.6 μm, to form a meanderline pattern with 55 μm linewidth providing an active area of 1.44 mm 2 for the device. Considering these dimensions for the pattern, a room temperature resistance of ∼ 6.5 KΩ, the critical transition temperature (T C onset ) of 90 K with R onset around 2.2 KΩ and a transition width of ∼1.9 K were obtained for the deposited film. Electrical contacts were produced by mechanically pressing indium spheres onto the patterned film contacts.
B. Measurement Method
A solid state laser diode with a peak wavelength equal to 635 nm, an intensity of ∼1 mW/cm 2 was used as the radiation source, modulated by using an RF pulse generator. Then the optical voltage response of the fabricated bolometer was measured in a DC-current biased mode using four probe configuration technique. The voltage response was amplified by a voltage pre-amplifier (SR560) followed by a lock-in amplifier (SR830), operated at the modulation frequency ω s for lownoise measurement. The measurement bandwidth was limited by the frequency range of the aforementioned lock-in amplifier, which is in the range of 1 mHz-102 kHz.
C. Thermophysical Modeling
In order to analyze the effect of the buffer layer on r v , we used a one-dimensional thermophysical model [8] , as well as its closed form solution, to simulate the device response as a function of frequency. Since the thickness values of both the buffer layer and the superconducting film are small compared with the value of the substrate, the former layers (including boundary effects) are considered as a lumped element in the model. The equivalent thermophysical diagram of the device is shown in Fig. 1 . Considering the buffer layer effect on the thermal behavior of the device and according to the equivalent thermophysical model [8] , ΔT , which is the temperature variation on the film surface due to Q, the heat flux as a result of radiation absorption at the film surface, is as follows:
where, R fb and C f are the YBCO film-buffer thermal boundary resistance and the heat capacity due to the superconducting film and the interface effects, respectively. Z b is the equivalent thermal impedance at the buffer layer surface, which is:
in which R bs and C b are the thermal characteristics of the buffer layer as well as the interface effects and Z s is the equivalent thermal impedance at the substrate surface. According to [8] 
where γ is the characteristic thermal impedance of the substrate material defined as:
where ω is the angular modulation frequency and κ s and c s are distributed heat parameters of the substrate materials and R sc is the thermal boundary resistance between the substrate and the cold head as a constant low-temperature reservoir.
III. RESULTS AND DISCUSSION
An optical image of the fabricated TEB showing the meander-line pattern (white dashed circle) and contact points indicated by the white arrow is presented in Fig. 2(left) . As shown in the optical image (see Fig. 2(right) ), the meanderline pattern is made of about 55 μm wide YBCO tracks. Using these dimensions and the material parameters of STO substrate (C s and K s ) [8] , the thermal parameters presented in Table I were obtained by curve fitting of the experimental data using the closed form solution for the thermophysical model. Thus, analysis of the device was conducted to simulate the characteristic thermal parameters for the device with and without the CeO 2 buffer layer.
According to the results from Table I , the thermal resistance between the superconducting film and the substrate is increased due to two thermal boundary effects (R bs , R fb ) for the sample with buffer layer compared to the thermal boundary resistance (R fs ) for the non-buffered sample. It has previously been suggested that the heat capacity in high frequencies may be affected by the interface effects [16] reported as C f and C b in Table I . Plotting the phase and amplitude of the voltage response using the values from the simulation was done by normalizing equation (2) in combination with equation (1).
The voltage response of the fabricated bolometer is delayed with respect to the adsorbed radiation power due to the thermal parameters of the device, indicated by the phase of the response. Considering the penetration depth of the incoming light, the effect of the thermal capacity of STO substrate and the thermal conductivity of the substrate-cold head boundary are dominant at lower frequencies (up to 10 2 Hz). At midrange frequencies, the thermal properties of the substrate results in a plateau in the phase of the response, while at higher frequencies, the film-substrate thermal boundary properties affect the voltage response behavior [8] . Fig. 3 shows the phase of the response for both the measurement and the simulation results for the sample without a buffer layer. This curve is characterized by some low level noise and a few minor kinks. Only a small discrepancy is evident between the experimental and simulated curves which indicates that the simulated curve is in agreement with the measured curve.
To calculate the frequency response of the sample without the buffer layer, Z b and R fb in (2) were replaced respectively by Z s and R fs , which effectively results in bypassing the effect of the buffer layer in the above equations. At high frequencies, the thermal behavior of the film-substrate boundary is dominating as confirmed by both the experimental and simulated curves. It is suggested that differences in electronic and vibrational properties in the different materials may scatter the energy at the interface [17] and affect the response as a result of changed heat transfer through the boundary. The phase response (experimental and simulated) as a function of frequency for the sample with an added CeO 2 buffer layer is presented in Fig. 4 . The results for this sample were also characterized by investigating the phase response as a function of frequency. However, this sample demonstrates a plateau in the phase response between 10 2
−10
3 followed by an increase in contrast to the sample without a buffer layer. This in-phase behavior at higher frequencies (10
3
−10
5 ) is likely a result of a decreasing interface thermal conductivity due to added buffer layer. Again, only a small discrepancy is observed between the experimental and simulated curves.
Comparing the phase response results for the samples with and without a buffer layer (see Figs. 3 and 4) it is evident that at lower modulation frequencies, the phase responses are similar. While, due to the small thickness of the YBCO film, the effect of the buffer layer becomes significantly more apparent at high-end modulation frequencies as also confirmed by the results from the simulation. Fig. 5 shows the measured results of the amplitude responses (normalized voltage response) for the samples with and without the added buffer layer. The cut-off frequency of the device is ∼8 Hz, depending on the magnitude of the substrate-cold head thermal conductivity and the thermal capacity of the substrate, which is the same for both samples. Therefore, by decreasing these two parameters, the higher cut-off frequency is expected. Both responses show a decrease with increasing frequency and with a very similar behavior up to ∼ 2 · 10 4 Hz which is attributed to the dominating STO substrate and the substrate-cold head interface thermal parameters. It should be noticed that according to the simulation results (see Fig. 6 ) the thermal behavior of the sample with an added buffer layer would result in a significantly higher amplitude response (by a factor of ∼6) compared to the sample without a buffer layer at a modulation frequency of about 1 MHz. The observed response is attributed to the increased thermal boundary resistance due to the added buffer layer in higher frequencies. Such a behavior is supported by the high similarity between the curves presented for the measured and simulated data, experimentally verified until frequencies around 10 5 Hz due to the limit of the current setup. It is apparent that further works should focus on the investigations of the variation of the added buffer layer, the effect of adding more buffer layers and experimental characterization at elevated modulation frequencies.
IV. CONCLUSION
Superconducting YBCO-based transition-edge bolometers with and without an added CeO 2 buffer layer on STO substrates were produced and investigated with respect to phase and amplitude response during irradiation with a frequency-modulated light source. These superconducting samples were characterized by a critical transition temperature of 90 K and a transition width of ∼1.9 K. A one-dimensional thermophysical model was applied to simulate thermal parameters of the bolometers and response curves based on these data were compared with measured results. Both the measured and simulated data provided evidence that adding buffer layer leads to an increased inphase response at higher frequencies which is an indication of the increased surface thermal boundary resistance. Therefore, significant increase in the amplitude response was observed at frequencies between 10 4
−10
6 Hz for the sample with a buffer layer compared to the values for the sample without buffer layer. The increased voltage response of the bolometer at high modulation frequencies provides the use of this kind of sensors for the application of arrayed bolometers with high scanning speed.
